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Abstract

During the Carbonaceous Aerosols and Radiative Effects Study (CARES), activation
fraction of size-resolved aerosol particles and aerosol chemical composition were char-
acterized at the T1 site (∼60 km downwind of Sacramento, California) from 10 June to
28 June 2010. The hygroscopicity of CCN-active particles (κCCN) with diameter from5

100 to 171 nm, derived from the size-resolved activated fraction, varied from 0.10 to
0.21, with an average of 0.15, which was substantially lower than that proposed for
continental sites in earlier studies. The low κCCN value was due to the high organic
volume fraction, averaged over 80 % at the T1 site. The derived κCCN exhibited little di-
urnal variation, consistent with the relatively constant organic volume fraction observed.10

At any time, over 90 % of the size selected particles with diameter between 100 and
171 nm were CCN active, suggesting most particles within this size range were aged
background particles. Due to the large organic volume fraction, organic hygroscopicity
(κorg) strongly impacted particle hygroscopicity and therefore calculated CCN concen-
tration. For vast majority of the cases, an increase of κorg from 0.03 to 0.18, which15

are within the typical range, doubled the calculated CCN concentration. Organic hygro-
scopicity was derived from κCCN and aerosol chemical composition, and its variations
with the fraction of total organic mass spectral signal at m/z 44 (f44) and O : C were
compared to results from previous studies. Overall, the relationships between κorg and
f44 are quite consistent for organic aerosol (OA) observed during field studies and20

those formed in smog chamber. Compared to the relationship between κorg and f44,
the relationship between κorg and O : C exhibits more significant differences among dif-
ferent studies, suggesting κorg may be better parameterized using f44. A least squares

fit yielded κorg = 2.04 (±0.07) × f44 −0.11 (±0.01) with the Pearson R2 value of 0.71.
One possible explanation for the stronger correlation between κorg and f44 is that the25

m/z 44 signal (mostly contributed by the CO+
2 ion) is more closely related to organic

acids, which may dominate the overall κorg due to their relatively high water solubility
and hygroscopicity.
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1 Introduction

Acting as cloud condensation nuclei (CCN), aerosol particles also indirectly affect the
climate by changing the microphysical structure, lifetime, and coverage of clouds. An in-
crease in aerosol concentration leads to a decrease of cloud droplet size and therefore
enhancement of cloud albedo (Twomey, 1977). The smaller cloud droplet size result-5

ing from the increased aerosol concentration also inhibits precipitation, leading to an
increase in cloud lifetime and coverage (Albrecht, 1989). Although it is widely accepted
that indirect effects of aerosols act to cool the Earth-atmosphere system by increasing
cloud albedo, thickness, and coverage, the magnitudes of the effects are poorly under-
stood. Currently, the indirect effects of aerosols remain the most uncertain components10

in forcing of climate change over the industrial period (IPCC, 2007).
Understanding aerosol indirect effects requires knowledge of the ability of aerosol

particles to form cloud droplets at atmospherically relevant supersaturations (i.e., CCN
activity).

The CCN activity of atmospheric particles can be effectively predicted using Köhler15

theory (Köhler, 1936), provided that the particle size and physicochemical properties
of the solute, such as its molar volume, activity coefficient, and effect on surface ten-
sion are known (McFiggans et al., 2006). One key parameter that links the thermo-
dynamic properties of aerosol species to their CCN activity, and eventually to aerosol
indirect effects, is the hygroscopicity. Several essentially equivalent single parameter20

frameworks have been proposed to model the CCN activation and hygroscopicity of
multi-component aerosols (Hudson and Da, 1996; Rissler et al., 2006; Petters and
Kreidenweis, 2007; Wex et al., 2007; Petters and Kreidenweis, 2008). These single pa-
rameter frameworks combine many of the thermodynamic details necessary for the de-
scription of water activity, and provide a more streamlined approach to represent CCN25

activation in models. Here we use the hygroscopicity parameter κ proposed by Petters
and Kreidenweis (2007, 2008), which can be conveniently derived from size-resolved
CCN measurements. Besides droplet activation, hygroscopicity also describes particle
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growth under sub-saturated conditions and is derived from particle growth factor (GF)
measured by Humidified Tandem Differential Mobility Analyzer (HTDMA). Previous
studies suggest particles may exhibit larger κ values for droplet activation (derived from
CCN measurements under supersaturated conditions) than that for particle growth (de-
rived from particle GF under sub-saturated conditions) (Duplissy et al., 2008; Wex et5

al., 2008, 2009; Petters et al., 2009b; Good et al., 2010). In this paper, unless otherwise
noted, “hygroscopicity” refers to κ associated with droplet activation under supersatu-
rated conditions.

The hygroscopicities of ambient inorganic species are relatively well known. How-
ever, atmospheric aerosols often contain hundreds of organic species, which can con-10

tribute ∼20–90 % to the total fine aerosol mass (Kanakidou et al., 2005; Zhang et
al., 2007). Many studies have examined the CCN activity and hygroscopicity of or-
ganic aerosols, including laboratory generated organic aerosols with known composi-
tion (e.g., Raymond and Pandis, 2002; Kumar et al., 2003; Raymond and Pandis, 2003;
Bilde and Svenningsson, 2004; Abbatt et al., 2005; Huff-Hartz et al., 2006; Svennings-15

son et al., 2006), secondary organic aerosols (SOA) generated in controlled environ-
mental chambers, and aerosols generated in laboratory biomass burning experiments
(e.g., Abbatt et al., 2005; Prenni et al., 2007; Duplissy et al., 2008, 2011; Asa-Awuku
et al., 2009; King et al., 2009; Petters et al., 2009a; Lambe et al., 2011; Massoli et al.,
2011). A number of field studies also reported the range of κ for the organic compo-20

nent of ambient aerosols (Shantz et al., 2008; Wang et al., 2008; Gunthe et al., 2009;
Jimenez et al., 2009; Chang et al., 2010; Rose et al., 2010; Mei et al., 2013). Collec-
tively, the laboratory and field studies suggest that organics have a fairly wide range of
κvalues ranging from 0 to 0.3, and κorg can increase substantially during their chemi-
cal aging in the atmosphere (Jimenez et al., 2009; Duplissy et al., 2011; Lambe et al.,25

2011; Massoli et al., 2011; Mei et al., 2013).
The sensitivity of predicted CCN concentration and droplet number concentration to

aerosol properties, including the hygroscopicity of organic species, are examined in a
number of recent studies (Rissman et al., 2004; McFiggans et al., 2006; Wang, 2007;
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Wang et al., 2008; Reutter et al., 2009; Ervens et al., 2010; Kammermann et al., 2010;
Ward et al., 2010). While these studies all recognize the importance of particle size
distribution, mixing state, and volume fraction of organics in particles, they also indi-
cate that the predicted CCN concentration and droplet number concentration can be
sensitive to κorg, and the value of κorg needed to reproduce measured CCN concentra-5

tion can vary substantially, and depends on the location and time of the study. Using
constant κ for organic components may lead to significant biases in predicted CCN
concentrations and aerosol indirect forcing (Liu and Wang, 2010). On the other hand,
atmospheric aerosols often contain hundreds of organic species, and the hygroscop-
icities of many organic species are often not available. Therefore efficient parameter-10

izations that can capture the major variation of κorg are essential for implementation
in large scale models. One promising idea is that the κorg under both supersaturated
and sub-saturated conditions may be parameterized based on the organic oxidation
level (e.g., O : C atomic ratio), which can be measured by aerosol mass spectrometers
(Aiken et al., 2008) and other techniques. For particle hygroscopic growth under sub-15

saturated conditions, measurements from TDMA show that κorg increases with O : C
for a number of organic aerosols (Jimenez et al., 2009; Duplissy et al., 2011). Positive
correlations between κorg and O : C were also found under supersaturated conditions
for SOA and oxidized POA generated in a Potential Aerosol Mass (PAM) flow reactor
(Massoli et al., 2010; Lambe et al., 2011), and ambient organic aerosols observed at20

rural (Chang et al., 2010) and urban (Mei et al., 2013) site. At present, the data on
the hygroscopicity of ambient organics are scarce, and the relationship between κorg
and organic oxidation level needs to be examined for ambient aerosols from repre-
sentative organic aerosol sources before it can be confidently implemented in climate
models. In this paper we report particle hygroscopicity and mixing state derived from25

size-resolved CCN measurements carried out during CARES. The impact of κorg on
predicted CCN spectrum was examined. Organic hygroscopicity was derived from par-
ticle hygroscopicity and chemical composition and its relationship to organics oxidation
level is discussed.
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2 Experimental method

2.1 Measurement site

The Carbonaceous Aerosol and Radiative Effects Study (CARES) was a field cam-
paign focusing on the evolution of secondary organic and black carbon (BC) aerosols
and their climate-related properties in the Sacramento urban plume as it was routinely5

transported into the forested Sierra Nevada foothills area (Zaveri et al., 2012). Aerosol
measurements were taken from 2 June to 28 June 2010 at the T1 site, which was lo-
cated about 60 km to the northeast of Sacramento in Cool, CA, a small town situated
amidst a forested area rich in biogenic emissions (latitude: 38.87, longitude: −121.02,
altitude: ∼460 m m.s.l.). The data related to the analysis presented in this paper were10

available from 10 June to 28 June. Aerosol data included aerosol size distribution,
chemical composition, CCN spectrum (as a function of supersaturation), size-resolved
CCN spectrum and activated fraction, all of which were taken at the ground level. All
measurements are reported at ambient conditions and local time (UTC time minus 7
h) is used throughout this study.15

2.2 Size resolved CCN spectrum and activated fraction

The size resolved CCN Spectrum and activated fraction were characterized by a scan-
ning mobility particle sizer (SMPS) and a cloud condensation nuclei counter (CCN
counter) operated in series (Frank et al., 2006; Petters et al., 2007; Moore et al., 2010).
By isolating the influence from particle size, size-resolved CCN measurements provide20

unique insights into particle composition and mixing state, and their impacts on the par-
ticle CCN activity (Lance, 2007; Gunthe et al., 2009; Petters et al., 2009a; Asa-Awuku
et al., 2010; Mochida et al., 2010; Padro et al., 2010, 2012; Rose et al., 2010; Irwin
et al., 2011). The instrumentation setup is shown in Fig. 1. Ambient aerosol was first
dried to below 20 % relative humidity and neutralized by a Kr-85 aerosol neutralizer25

(TSI, 3077A), and subsequently classified by a differential mobility analyzer (DMA, TSI
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3081). The classified aerosol was then simultaneously characterized by a condensa-
tion particle counter (CPC, TSI 3771) and a CCN counter (DMT, CCN-100) (Roberts
and Nenes, 2005; Lance et al., 2006; Rose et al., 2008).

During CARES, the sample and sheath flows of the DMA were maintained at 0.8
and 8 L min−1, respectively. The total flow of CPC3771 was reduced to 0.5 L min−1 and5

the sample flow of the CCN counter was maintained at 0.3 L min−1. The measurement
sequence is illustrated in Fig. S1 (Supplement). The longitudinal temperature gradients
of the CCN counter was stepped through 4.5, 5.5, 6.5, 8, 10, 12 ◦C (Fig. S1b), which
corresponded to supersaturations (S) of 0.15 %, 0.19 %, 0.23 %, 0.30 %, 0.39 % and
0.45 %, respectively. The supersaturation inside the CCN counter was maintained at10

each value for approximately 40 min, during which the diameter of particles classified
by the DMA was scanned between 20 nm and 350 nm eight times (310 s per scan)
(Wang and Flagan, 1990). Immediately following each change of temperature gradient
(i.e., supersaturation), the system waited for 100 s to ensure that all temperatures stabi-
lized before the next scan of particle size commenced. The CCN counter was stepped15

through the above six S values approximately every 4 h. The aerosol size distribution
was derived by inverting the particle concentration measured by the CPC using a rou-
tine described in Collins et al. (2002), which explicitly accounts for multiply-charged
particles. The same procedure was also applied to measured CCN concentration to
obtain size-resolved CCN concentration. The ratio of the two provided size-resolved20

CCN activated fraction (i.e., number fraction of particles that serve as CCN under the
supersaturation as a function of particle size).

The CCN counter was calibrated for the 0.3 L min−1 sampling flow rate, and under the
six temperature gradients using ammonium sulfate at the CARES T1 site both before
and after the study. The instrument supersaturations were derived from Köhler theory25

using a constant van’t Hoff factor of 2.5 for ammonium sulfate. Since both sample pres-
sure and temperature were essentially identical during measurements and calibrations,
no correction of the calibrated supersaturation was necessary.
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2.3 Measurement of total CCN concentrations

In addition to size-resolved CCN spectrum and activated fraction, total CCN concen-
tration was measured using a second DMT CCN counter operated at a flow rate of
0.3 L min−1, and longitudinal temperature gradients of 4.0, 5.5, 6.6, 8.1, 10.3 ◦C. Based
on calibrations using ammonium sulfate particles, the corresponding supersaturations5

derived from Köhler theory using a constant van’t Hoff factor of 2.5 were 0.12 %,
0.20 %, 0.23 %, 0.30 %, 0.38 % for the five temperature gradients. The temperature
gradient was stepped through the five values as shown in Fig. S1a. At each value, the
temperature gradient was maintained for four minutes except for at 0.12 %, when an
additional 10 min was included (i.e., total 14 min) because it took substantially longer10

time for temperatures to stabilize when the gradient was reduced from 10.3 ◦C to 4.0 ◦C.
Data collected before temperatures had stabilized following changes of the temperature
gradient were excluded from analysis. Same as size-resolved CCN measurements,
both sampling pressure and temperature were practically identical between calibration
and measurements.15

2.4 Chemical composition

The concentrations of submicron non-refractory (NR-PM1) organic and inorganic (ni-
trate, sulfate, ammonium, chloride) aerosol species were measured using a high res-
olution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research
Inc., hereinafter AMS for short) (DeCarlo et al., 2006). The AMS sampled from an in-20

let equipped with a PM1 impactor (Brechtel Manufacturing Inc., Hayward, CA; model
8003). The ambient air passed through 3 feet of stainless steel tube with an inner di-
ameter of 3/4 inch, 8 feet of copper tube with an inner diameter of 1/4 inch, 2 feet
long temperature-controlled thermodenuder, and a Nafion dryer prior to sampling by
the AMS. The resulting data was averaged over 2.5 min intervals. All data were an-25

alyzed using standard AMS software (SQUIRREL v1.51 and PIKA v1.10) within Igor
Pro 6.2.2.2 (Wave Metrics, Lake Oswego, OR) (Sueper, 2011). Details of the AMS
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operation, data treatment, Positive Matrix Factorization (PMF) analysis, and data inter-
pretation are given elsewhere (Setyan et al., 2012).

3 Data overview

Diurnal variations of aerosol properties observed from 10 June to 28 June 2010 are
shown in Fig. 2, including aerosol particle size distribution (Fig. 2a), species mass con-5

centrations measured by the AMS (Fig. 2b), derived volume fractions of major species
(Fig. 2c), and measured CCN concentrations (Fig. 2d). Sulfate and nitrate were es-
sentially neutralized by ammonium in the CCN-relevant sizes (Setyan et al., 2012).
The volume fractions of major species were calculated using densities of organics
(1.25 g cm−3), ammonium sulfate (1.77 g cm−3), ammonium nitrate (1.72 g cm−3), and10

BC (1.8 g cm−3). The mass concentration of BC was typically less than 0.1 µg m−3,
contributing to less than 2 % of the total submicron aerosol volume (not shown). High
number concentration (NCN) of Aitken mode particles was often observed in the af-
ternoon between 12:00–18:00, and is attributed to early morning traffic-hour pollution
transported from downtown Sacramento (Setyan et al., 2012). The mass concentration15

of sulfate and organics showed a relatively modest increase (∼30 % over otherwise
nearly constant background) during this period. However, the species volume fractions
were relatively constant during the day. Among all the species, organics had by far
the largest contribution to the total submicron aerosol volume at ∼85 %. The contribu-
tions from sulfate and nitrate were only ∼10 % and ∼5 %, respectively. On average,20

CCN concentrations measured at 0.12 % and 0.38 % supersaturations were ∼120 and
∼1000 cm−3. No significant diurnal trends in measured CCN concentrations were ob-
served, suggesting most particles transported from Sacramento area observed be-
tween 12:00–18:00 were not effective CCNs under measured supersaturations. This
was likely due to the combination of the relatively small particle size (a majority of the25

particles transported to T1 during 12:00–18:00 were smaller than 50 nm in diameter)
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and particle compositions dominated by organics that in general are significantly less
hygroscopic than inorganic salts such as sulfate.

4 Methods

4.1 Derivation of particle hygroscopicity and mixing state

Particle hygroscopicity κ and the mixing state were derived from the measured size-5

resolved CCN activated fraction using κ-Köhler theory (Petters and Kreidenweis,
2007). The same procedure was detailed in a previous study (Mei et al., 2013) and
is briefly describe here. In κ-Köhler theory, the water vapor saturation ratio over an
aqueous solution droplet S is given by:

S =
D3 −D3

p

D3 −D3
p(1− κ)

exp
(

4σwMw

RTρwD

)
(1)10

where D is the droplet diameter, Dp the dry diameter of the particle, Mw the molecular
weight of water, σw the surface tension of pure water, ρw the density of water, R the
gas constant, and T the absolute temperature. When κ is greater than 0.1, it can be
conveniently derived as:

κ =
4A3

27D3
pS

2
c

(2)15

where A = 4σwMw
RTρw

, and Sc is the particle critical supersaturation and was derived using
the approach described below. Figure 3 shows an example of the activated fraction of
size selected particles as a function of supersaturation. This example is for dry parti-
cles selected at 108 nm from 14:00 to 20:10 on 18 June. The activated fraction Ra, was
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near zero at the lowest supersaturation (0.15 %) measured. Ra increased with increas-
ing supersaturation, and eventually reached a plateau of ∼92 %. During CARES, the
maximum activated fraction at the plateau, E , was often very close to 100 %. Occasion-
ally, E is substantially less than 100 %, indicating external mixing of aerosol species for
the size selected particles. For these cases, the difference 1−E represents the number5

fraction of particles consisting of only non-hygroscopic species (e.g., BC) that cannot
serve as CCN under typical atmospheric supersaturations.

The characteristic critical supersaturation (S∗) of the size selected CCN is repre-
sented by the supersaturation at which Ra reaches 50 % of E (Fig. 3). The slope of Ra
with respect to supersaturation near S* provides information on the heterogeneity of10

the composition for the size selected particles that are CCN active. For an ideal case
when all CCN-active particles have the same composition and size, a step change of Ra
from 0 to E would be observed as supersaturation increases and reaches S*. A grad-
ual increase in Ra suggests some of the particles have higher hygroscopicity and/or
larger sizes (i.e., due to the resolution of DMA) and are able to activate at lower super-15

saturations than others. The activated fractions measured at the six supersaturations
were fitted using both a sigmoid function (Lance, 2007; Bougiatioti et al., 2011; Cerully
et al., 2011; Lance et al., 2012; Mei et al., 2013; Padro et al., 2012) and a lognormal
function (Mei et al., 2013) (Supplement), with E and S∗ among fitting parameters. For
each set of measurements, the function form that yielded the best fit (i.e., smaller least20

square residue) was used for subsequent analysis. The probability density function of
the hygroscopicity of size-selected CCN was first derived by differentiating the fitted Ra
(as a function of S). The density function was then used to calculate the dispersion of
CCN hygroscopicity. The dispersion of CCN hygroscopicity, which reflects the chem-
ical heterogeneity of activated particles, is defined as σ(κ)/κ, where σ(κ) and κ are25

the standard deviation and the average of the CCN hygroscopicity, respectively. The
details of the derivations are given in the Supplement.
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4.2 Derivation of organic hygroscopicity

Measurements from AMS show the composition of submicron particles was dominated
by organics, followed by ammonium, sulfate, and nitrate. The contribution of chloride
was negligible (i.e., below detection limit) especially for particles within the size range
of size-revolved CCN measurements (Setyan et al., 2012). The analysis of anion and5

cation balance suggests that anionic species (NO−
3 , SO2−

4 ) were neutralized by NH+
4

over the relevant size range (Setyan et al., 2012). For refractory species, BC repre-
sented a negligible fraction of the total submicron aerosol volume (i.e. less than 2 %),
and the contribution of sea salt and dust are also expected to be negligible for the size
range of interest (i.e., less than 300 nm) at the T1 site. Therefore, aerosols within the10

size range examined were assumed consisting of the following three species: Organics,
(NH4)2SO4, and NH4NO3. We note that a fraction of nitrate observed was organonitrate
or metal nitrate. However, as nitrate only represented ∼3.5 % of total non-refractory
PM1, assuming nitrate as NH4NO3 should not substantially affect derived κorg values.
During CARES, E observed at the T1 site was mostly very close to 100 % (the minimum15

E was 92 % during the periods chosen for deriving κorg as described below). There-
fore, particles were assumed as internal mixtures, and the particle hygroscopicity is
therefore the volume average of the three participating species:

κCCN =
∑
i

xiκi = xorgκorg +x(NH4)2SO4
κ(NH4)2SO4

+xNH4NO3
κNH4NO3

(3)

where xi is the volume fraction of species i . The values of κ are 0.67 and 0.61 for20

(NH4)2SO4 and NH4NO3, respectively. The hygroscopicity of CCN (κCCN) can be de-
rived from Eq. (2) based on S*:

κCCN =
4A3

27D3
p(S∗)2

(4)
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and the organic hygroscopicity κorg is given by subtracting the contribution of the other
species from the overall CCN hygroscopicity:

κorg =
1

xorg

(
κCCN − κNH4NO3

xNH4NO3
− κ(NH4)2SO4

x(NH4)2SO4

)
(5)

The derivation of κorg requires the volume fraction of (NH4)2SO4 and NH4NO3 of CCN
at selected sizes, which were derived from size-resolved AMS measurements (particle5

time of flight “PToF” mode) as follows. AMS measurements were averaged into periods
ranging from 7.6 to 14 h to increase signal-to-noise ratios (SNR). Particle chemical
composition was essentially constant during these periods, which were identified us-
ing criteria described in Sect. 5.3. This averaging was especially necessary for size
resolved mass concentrations and elemental ratios from AMS measurements because10

of both the low aerosol mass loading at the T1 site and the limited SNR arising from the
low duty cycle during pToF measurements. Within the size range, species volume frac-
tions at each size were derived from mass concentrations and densities of participating
species. The densities of (NH4)2SO4 and NH4NO3 were assumed to be 1770 kg m−3

and 1730 kg m−3, respectively. Based on the O : C and O:H atomic ratios during the pe-15

riods, organics were assumed to have a density of 1250 kg m−3 (Kuwata et al., 2012).
The volume fractions required to derive κorg from Eq. (5), were then calculated by
combing the volume concentrations of organics, sulfate, and nitrate. In the derivation
of species volume fractions at classified sizes, the particle vacuum aerodynamic diam-
eter (Dva, measured by AMS) and particle mobility diameter (Dm, classified by DMA)20

were converted to particle volume equivalent diameter (Dve) assuming spherical parti-
cles (for spherical particles, both Dm and Dve are equal to particle geometric diameter).
This assumption is reasonable for aged particles that are mixtures of organics, sulfate,
and nitrate. In this study, κorg was derived based on hygroscopicity of CCN classified
at five sizes ranging from of 117 to 160 nm at which both the counting statistics of size-25

resolved CCN measurements (based on aerosol number) and the signal to noise ratio
of the AMS measurements (aerosol mass based) were sufficient.
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4.3 Uncertainty analysis for organic hygroscopicity derivation

Based on Eq. (4), the uncertainty in derived κorg can be attributed to the uncertainties
in κCCN and species volume fractions of CCN. As the volume fractions were derived
from volume concentrations computed from the AMS measurements, the uncertainty
of derived κorg is given by (detailed derivation described in the Supplement):5

σ2
κorg

=
(
κCCN

xorg

)2(σκCCN

κCCN

)2

+
(
κinorg − κorg

)2 (
1−xorg

)2

[(σvorg

vorg

)2

+
(σvinorg

vinorg

)2]
(6)

where vi represents the volume concentration of species i , and κinorg is the average
hygroscopicity of the particle inorganic component, which included (NH4)2SO4 and
NH4NO3:

κinorg =
κNH4NO3

xNH4NO3
+ κ(NH4)2SO4

x(NH4)2SO4

xNH4NO3
+x(NH4)2SO4

(7)10

Note (NH4)2SO4 and NH4NO3 have very similar κ values (0.67 and 0.61, respectively),
for the derivation of the uncertainty in κorg, a constant value of 0.64 was used for κinorg.

The first term on the right hand side (RHS) of Eq. (6) is associated with the un-
certainty in derived κCCN (i.e.,

σκCCN
κCCN

), which is due to the accuracy of the dry size of
particles classified by the DMA (Wang et al., 2003) and S* derived from size-resolved15

CCN measurements. This uncertainty was estimated ranging from 5 % to 12 % (Sup-
plement). The second term on the RHS of Eq. (6) represents contributions due to
the uncertainties in volume fractions of organics and inorganics (i.e., particle compo-
sition), derived from the mass concentrations measured by AMS and the densities of
the species. For the purpose of estimating uncertainty in species volume fraction, an20

uncertainty of 10 % was estimated for inorganics and organics volume concentrations,
which were mainly due to the uncertainties in relative ionization efficiencies of AMS
(Supplement).
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Equation (6) indicates that the contributions from σκCCN
, σvorg

, and σvinorg
decreased

with increasing xorg. These features are evident from the variation of σ2
κorg

and contri-

butions from different terms as a function of xorg shown in Fig. 4. The variation in σ2
κorg

was calculated using Eq. (6) assuming 10 % for
σvorg

vorg
and

σvinorg

vinorg
, and 0.08 for κorg. As

shown later, the value of κorg had very minor impact on σ2
κorg

.
σκCCN
κCCN

was assumed as5

8 %, which was representative for the measurements at the T1 site during CARES.
Figure 4 shows that the overall σ2

κorg
, which was the combined contribution from σκCCN

,

σvorg
and σvinorg

decreased rapidly with increasing xorg. This variation of σ2
κorg

with xorg

can be explained as follows. First, at lower xorg, κorg was increasingly being derived
as the difference among three large numbers (Eqn. 5), which resulted in higher un-10

certainty in derived κorg. Second, a higher xorg led to smaller uncertainty in derived
xorg. For example, at xorg of 100 % (i.e., pure OA particles), the uncertainty in mea-
sured organics mass concentration has no impact on derived xorg. This is also evident
from Eq. (6), which shows that the contributions from σvinorg

and σvorg
were scaled to(

1−xorg
)2

. Therefore, the analyses described below were focused on aerosols with15

organic volume fraction higher than 60 %, at which overall uncertainty in derived κorg
was estimated to be less than 0.05 for the example presented in Fig. 4. Equation (6)
suggests that the uncertainty weakly depends on the κorg, because κinorg is typically
much larger than κorg, and the quantity (κinorg − κorg) is insensitive to the value of κorg.
As a result, everything else being equal, we expect a larger relative uncertainty in κorg20

for smaller κorg values.
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5 Results

5.1 Hygroscopicity of activated particles

The hygroscopicity of size selected CCN with diameter between 100 and 171 nm
ranged from 0.10 to 0.2, with an average of 0.15, in agreement with the results de-
rived from CCN measurements over Sacramento valley onboard NOAA WP-3D during5

CalNex (Moore et al., 2012). The hygroscopicity range was substantially lower than that
proposed for continental sites (Andreae and Rosenfeld, 2008), likely due to the higher
volume fraction of organics. The hygroscopicity of size selected particles was aver-
aged for sizes ranging from 100 to 171 nm, and its diurnal variation is shown in Fig. 5a.
Median and mean hygroscopicities were essentially the same, and both showed a very10

narrow range from 0.13 to 0.16. There was no significant diurnal trend in the statistics of
κCCN, consistent with relatively constant organic volume fraction during the day (Fig. 2).
Figure 5b shows the diurnal variation of E , which represents the fraction of classified
particles that were CCN-active. Unlikely earlier studies in urban environment (i.e., near
major aerosol sources), where E decreased to ∼70 % or lower during morning traffic15

hours (Lance et al., 2012; Mei et al., 2013; Padro et al., 2012), the E observed at the
T1 site was greater than 90 % essentially at all time, suggesting vast majority particles
within the 100–171 nm range were aged background particles. The average dispersion
was 0.29, substantially lower than those observed in urban environment (Su et al.,
2010; Padro et al., 2012). The lower value of dispersion reflects more aged aerosols20

observed at the T1 site, and is consistent with the finding that aerosol composition
becomes increasingly more homogeneous as particles age through coagulation and
condensation of secondary species (Wang et al., 2010; Mei et al., 2013). The diurnal
variation showed lower dispersion in later morning and afternoon, and is attributed to
stronger SOA production during the period and subsequent condensation on existing25

particles.
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5.2 Impact of organic hygroscopicity on calculated CCN concentration

The impact of κorg on calculated CCN concentration (NCCN) was examined using the
following approach. CCN concentrations were calculated using four representative κorg
values, 0.03, 0.08, 0.13, and 0.18, which are within the typical range based on earlier
laboratory studies (e.g., Prenni et al., 2007; Duplissy et al., 2008; Engelhart et al.,5

2008; Wex et al., 2009). Aerosol particles were assumed as internal mixtures, as sug-
gested by the observed low hygroscopicity dispersion and close to unity E value for the
size selected particles. Based on this assumption, particle hygroscopicity was derived
as the volume average of the following three species: (NH4)2SO4 and NH4NO3 and
organics. On average, the aerosol mass concentration measured by the AMS at the T110

site peaked around 200 nm (vacuum aerodynamic diameter, ∼160 nm for mobility or
volume average diameter assuming spherical particles), and minor variation in organic
volume fraction was observed from 100 to 200 nm (vacuum aerodynamic diameter),
which corresponds to critical a supersaturation range of ∼0.14 % to ∼0.4 %. There-
fore, for the purpose of examining the sensitivity of calculated NCCN to κorg , particle15

hygroscopicity was computed from the bulk composition (i.e., derived from AMS MS
mode measurements) using Eq. (3). Based on the particle hygroscopicity and κ-Köhler
theory, the critical dry particle activation diameter (Dpc) was derived for the five super-
saturations under which the total CCN concentrations were measured. The NCCN at
the five supersaturations were then computed from Dpc and the measured dry particle20

size distributions.
The comparison of calculated NCCN and the measured at three supersaturations,

0.12 %, 0.23 %, and 0.38 %, are shown in Fig. 6 (comparison at the other two super-
saturations are similar and not shown). When xorg is greater than 90 %, calculated
NCCN is very sensitive to κorg value, especially at lower supersaturations. The ratio of25

calculated to measured NCCN, derived through a bivariate least squares fit (i.e., orthog-
onal distance regression), increased from 0.75 by almost a factor of 2 to 2.08 when
κorg increased from 0.03 to 0.18. Each incremental increase of 0.05 in κorg , which is
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well within the range of organic hygroscopicity reported in literature, led to ∼40–50 %
increase in the calculated NCCN. At the higher supersaturation of 0.38 %, the differ-
ence between NCCN calculated using the different κorg values reduced somewhat to
about a factor 2 (i.e. ratio increased from 0.58 to 1.10), but was still very significant.
This reduced sensitivity was due to that a larger fraction of particle population was5

already CCN active at higher S. The sensitivity also strongly depends on the xorg.
For example, when 80 %<xorg <90 %, NCCN calculated at S = 0.12 % increased by
∼100 % (i.e., ratio increased from 0.95 to 1.85) when κorg increased from 0.03 to 0.18
compared to nearly a factor of 2 increase when xorg is greater than 90 %, and the in-
crease was further reduced to ∼40 % (i.e., the ratio increased from 1.14 to 1.52) when10

70 %<xorg <80 %. For most of the measurements, the κorg value required for an agree-
ment between calculated and measured NCCN ranged from 0.03 to 0.15, in agreement
with κorg derived from size-resolved CCN measurements described below.

During CARES, aerosols observed at the T1 site were dominated by organics. For
the comparison described above, 24 %, 54 %, and 16 % of the data points corre-15

sponded to xorg >90 %, 80 %<xorg <90 %, and 70 %<xorg <80 %, respectively. Only
6 % of data points were associated with xorg less than 70 %. The decreasing sensitiv-
ity of the calculated NCCN to κorg is in agreement with earlier studies (e.g., Chang et
al., 2007; Wang et al., 2008). When xorg is less than ∼60 %, the overall hygroscopic-
ity of internally mixed particles is dominated by inorganic species such as sulfate and20

nitrate, which have significantly higher κ values than organic compounds. As a result,
the particle hygroscopicity, and therefore the calculated derived CCN concentration, is
relatively insensitive to κorg. When xorg reaches 80 % or higher, the contribution of κorg
begins to dominate the overall particle hygroscopicity, and the value of κorg strongly
influences the calculated NCCN. With stricter control of sulfur emission, aerosol organic25

fraction is likely to increase in the future. Therefore, simulated NCCN will likely exhibit a
stronger dependence on κorg value when projecting future climate change. This again
suggests the necessity of better understanding κorg and its variation in the atmosphere
for accurate prediction of NCCN and aerosol indirect effects.
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5.3 κorg derived from measurements at CARE T1 site and comparison with
previous studies

To increase signal-to-noise ratio (SNR) and reduce the uncertainty in derived κorg,
we averaged measurements into periods during which particle chemical composition
essentially remained constant. These periods, ranging from 7.6 to 14 h, were identified5

using the following criteria:

1. The variation in bulk organic volume fraction (i.e., the difference between the
maximum and minimum) was less than 10 % during the averaging period. This
criterion was to ensure essentially constant particle composition, and therefore
hygroscopicity, during the periods such that data could be averaged to increase10

signal to noise ratio or counting statistics.

2. The average bulk organic volume fraction was no less than 60 % during the period,
as the uncertainty in derived κorg increased rapidly with decreasing xorg (Fig. 5).

A total of 18 periods were identified using the above criteria. During these periods, E
is greater than 96 %, and σ(κ)/κ is less than 0.3, indicating the assumption of inter-15

nally mixed particles was mostly appropriate. As described earlier, for each period, the
analysis focused on 5 sizes ranging from 117 nm to 160 nm, where both the count-
ing statistics of size-resolved CCN measurements (based on aerosol number) and the
signal to noise ratio of the AMS measurements (aerosol mass based) were sufficient.
κorg derived from these cases ranged from 0.04 to 0.11 with an average value of 0.08,20

within the ranges observed in earlier studies (e.g., Hersey et al., 2011). These values
are also in agreement with results from earlier smog chamber studies, which showed
the hygroscopicity ranged from 0.04 to 0.14 for secondary organic aerosol formed from
both biogenic and anthropogenic VOC precursors (Prenni et al., 2007; Duplissy et al.,
2008; Engelhart et al., 2008; Wex et al., 2009).25
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5.4 Relationship between κorg and organic oxidation level

The relationship between derived κorg and f44, which is the fraction of total organic
mass signal at m/z 44, is shown in Fig. 7a. The m/z 44 signal is due mostly to acids
(Takegawa et al., 2007; Duplissy et al., 2011) or acid-derived species, such as esters,
and f44 is closely related to the organic oxidation level (i.e., O : C ratio) (Aiken et al.,5

2008). The uncertainty of derived κorg was calculated using the approach described
earlier. The precision of f44 derived from measurements by the same AMS was esti-
mated as 3 % (relative variation, Aiken et al., 2008), and the inter-instrument variability
for f44 is about 10 % (relative variation, Ng et al., 2010). As the results are compared
to earlier studies during which f44 was also derived from AMS measurements, the un-10

certainty in derived f44 was estimated as 10 % (Hayes et al., 2012). Also included in
Fig. 7 are results based on similar analysis of the measurements carried out at the
LA supersite during CalNex from 15 May to 4 June 2010 (Mei et al., 2013). The LA
supersite was principally a receptor site for pollution from downtown LA, and SOA was
a major aerosol component at the site (Hayes et al., 2012). Overall, the dependences15

of κorg on f44 are in agreement for organic aerosols observed at the T1 site and the
CalNex-LA site. Based on results from both sites, a least squares fit taking into con-
sideration of uncertainties in both derived κorg and f44 yielded κorg = 2.04 (±0.07) ×
f44 −0.11 (±0.01). The Pearson R2 was 0.71, suggesting most of the variation in κorg
observed at the two sites can be explained by the variation in f44 alone.20

The variation of κorg was also examined as a function of organic oxidation level (i.e.,
O : C atomic ratio) as was done in earlier studies, and the result is shown in Fig. 7b.
For both sites, O : C of size selected CCN was calculated from size-resolved f44 using
the specific relationship between O : C and f44, which was characterized using the bulk
O : C and f44 derived from MS mode data collected at each site. This is an adaptation of25

the technique described by Aiken et al. (2008). The relationships were O : C = 3.99× f44
and O : C = 3.25× f44 for organic aerosols observed at the T1 site during CARES (i.e.,
this study) and the LA site during CalNex, respectively (Hayes et al., 2012; Setyan et
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al., 2012). The uncertainty in derived O : C was similarly estimated as 10 %. Whereas
overall κorg exhibited an increasing trend with increasing O : C, as reported in earlier
studies, the value of κorg derived from this study was statistically lower than that derived
from data collected at CalNex LA site when O : C ranges from 0.35 to 0.45. A least
square fit of κorg vs. O : C yielded κorg = 1.00 (±0.02)× (O : C) −0.28 (±0.01) with a5

significantly lower R2 value of 0.41, suggesting that κorg may be better parameterized
by f44 than O : C.

The relationships between κorg and f44 and between κorg and O : C are compared to
earlier studies described below (Fig. 8). Duplissy et al. (2011) reported κorg (under sub-
saturated conditions) derived from the GF of SOA formed from 1,3,5-trimethylbenzene10

(TMB), a surrogate for anthropogenic precursors, and SOA formed from representative
biogenic precursors including isoprene and α-pinene in a smog chamber. Also included
in the comparison are the results derived from the GF of organic aerosols measured in
the Mexico City and at the high-alpine site Jungfraujoch, Switzerland (Duplissy et al.,
2011). Using size-resolved CCN measurements, Massoli et al. (2010) and Lambe et al.15

(2011) examined the hygroscopicity of SOA and oxidized POA (OPOA) formed from the
oxidation of a range of precursors representing atmospherically relevant biogenic and
anthropogenic sources. The SOA and OPOA particles were generated via controlled
exposure of precursors to OH radicals and/or O3 in a Potential Aerosol Mass (PAM)
flow reactor over timescales equivalent to 1–20 days of atmospheric aging resulting in20

O : C ratios ranging from 0.05 to 1.42. Chang et al. (2010) derived κorg based on CCN
measurements at a rural site in Ontario, Canada.

The results from Massoli et al. (2010) was not included in Fig. 8a because f44 values
were not available. Overall, results from different studies showed quite consistent rela-
tionships between κorg and f44. For example, the relationship derived from this study25

and the measurements at the CalNex-LA site showed good agreement with those of
ambient organic aerosols observed in Mexico City and at the high-alpine site Jungfrau-
joch. At the same f44, κorg of SOA formed from TMB in a smog chamber was sub-
stantially higher than those of SOA formed from isoprene and α-pinene. One possible
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explanation is that for SOA formed from TMB photooxidation, the acids present in the
aerosol are mainly mono-acids, while the acids found in the SOA from α-pinene or iso-
prene photooxidation are approximately half mono- and half di-acids (Duplissy et al.,
2011). At a given f44 value, κorg of ambient organic aerosol observed at the CARES T1
site, CalNex-LA site, Mexico City, and Jungfraujoch was mostly between those of SOA5

formed from TMB and α-pinene or isoprene in the smog chamber, possibly because
ambient SOA were formed from both anthropogenic and biogenic precursors. Chang
et al. (2010) reported similar κorg values at low f44 around 0.08–0.10, but a steeper
increase of κorg with increasing f44 when compared to κorg observed in this study and
at the CalNex-LA site. Because κorg was derived from total CCN measurement (i.e.,10

not size-resolved) in Chang et al. (2010), the relatively large uncertainty may partially
explain some of the differences. For OA generated in PAM reactors, κorg overlapped
with those derived from field measurements when f44 ranges from 0.12 to 0.14, but
exhibited a substantially weaker dependence on f44.

All studies showed that κorg generally increases with increasing O : C. However, com-15

pared to the relationship between κorg and f44, the relationship between κorg and O : C
exhibits more significant differences among the studies. For example, at O : C ratio of
0.5, κorg derived in different studies ranged from ∼0.1 to ∼0.2. For the results from
Duplissy et al. (2011) and Chang et al. (2010), the differences may be partially due to
the uncertainty in derived O : C values. At present, AMS data analysis software only al-20

lows derivation of bulk O : C through analysis of high resolution mass spectral obtained
during the MS mode operation. This approach was employed by Massoli et al. (2010)
and Lambe et al. (2011) to derive the bulk O : C, which should represent O : C at var-
ious CCN sizes in their studies, because no substantial O : C dependence on particle
size is expected for organic aerosols formed in the PAM reactor. For this study and Mei25

et al. (2013), O : C of organics at CCN sizes was derived from size-resolved f44 using
the relationship between O : C and f44, which was characterized using the bulk O : C
and f44 derived from MS mode data collected at each site. This approach was also em-
ployed to derive O : C from f44 for some of the results presented in Lambe et al. (2011).
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Therefore, we expect O : C values derived in this study, Lambe et al. (2011), and Mei
et al. (2013) are reasonably accurate. Chang et al. (2010) and Duplissy et al. (2011)
derived O : C using the relationship between O : C and f44 reported in an earlier study
(Aiken et al., 2008), which might not be completely accurate for the aerosols observed
in their studies.5

Similar to the relationship between κorg and f44, κorg of OA generated in PAM reac-
tor (Lambe et al., 2011; Massoli et al., 2011) exhibited a weaker dependence on O : C
than those derived from this study and Mei et al. (2013). At O : C values greater than
0.5, κorg reported by Massoli et al. (2010) and Lambe et al. (2011) were substantially
lower than those derived from field measurements (Mei et al., 2013). The organic mass10

loading examined by Massoli et al. (2010) ranged from 1 to 100 µg m−3, which encom-
passes the typical range of ambient OA mass loading. In addition, the relationship
between κorg and O : C reported by Massoli et al. (2010) exhibited little dependence
on organic mass loading. Therefore the differences in the relationship between κorg
and O : C among the studies could not be explained by the variations in organic mass15

loading, and may be due to the differences in organics composition between ambient
organic aerosols and those formed in PAM reactors. For example, the formation of SOA
proceeds under “low NOx” chemistry in PAM reactor because NOx is quickly oxidized
to HNO3. However, ambient SOA may form under different NOx conditions, especially
in urban environment (e.g. at CalNex-LA site). In addition, the concentrations of oxi-20

dants inside PAM are several orders of magnitude higher than typically observed in the
ambient atmosphere, which may potentially lead to different compounds in the SOA
formed. Cloud processing and aqueous chemistry in wet aerosols may also contribute
substantially to SOA formation, while SOA are mainly formed through gas phase reac-
tions in smog chamber or PAM reactor. This may also lead to different SOA composition25

and therefore the relationship between κorg and O : C. However, it is worth noting that
the relationship between κorg and f44 for SOA formed in a smog chamber (Duplissy et
al., 2011) is quite consistent with that derived from some of the field studies (Fig. 7a).
These discrepancies suggest that more results on κorg of ambient aerosols are needed
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to better understand and represent organic hygroscopicity in climate models, and future
studies are needed to verify and understand the differences in κorg between ambient
OA and those formed in PAM reactors shown in Fig. 7.

Organic aerosols may exhibit a range of relationships between f44 and O : C, as evi-
denced by the differences among the relationships observed at the T1 site, the CalNex-5

LA site (Hayes et al., 2012), and those reported in previous studies (e.g., Aiken et
al., 2008). The more consistent relationship between κorg and f44 for different studies

(Fig. 8a) and the higher R2 value for the linear regression of κorg on f44 (Fig. 7a) sug-
gest that κorg may be better parameterized using f44 than O : C. The better correlation
between κorg and f44 could be due to the following reasons. One key determinant of the10

hygroscopicity of organic compound is its water solubility. For typical ambient particles
that are mixtures of both organic and inorganic species, organics with solubility less
than ∼5×10−4 have negligible contribution to CCN activation (i.e., negligible contribu-
tion to derived κorg), whereas organics with solubility greater than ∼0.05 are completely
dissolved at the point of activation (Petters and Kreidenweis, 2008). Here the solubility15

is defined as the volume of solute per unit volume of water present in a saturated so-
lution. The CO+

2 (m/z 44) is due mostly to acids (Duplissy et al., 2011) or acid-derived
species, such as esters. Organic acids typically have larger solubility in water, therefore
may contribute significantly to the overall κorg. Other oxygenated compounds in organic
aerosol such as aldehydes may have much lower solubility, and therefore negligible20

contribution to the derived κorg if the solubility is less than ∼5×10−4. This may explain
the stronger correlation between κorg and f44, which is closely related to the fraction of
organic acids. It is worth noting that non-acid compounds such as methyl tetrols identi-
fied in SOA formed from Isoprene also have high water solubility. However, these com-
pounds may contribute to only a small fraction of the total organic aerosols, especially25

for those formed under high NOx condition (e.g., Edney et al., 2005). Currently, the
identity and the solubility of many organic compounds in atmospheric aerosols are not
known, and data on κorg for ambient aerosol are still very limited. Future measurements
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are needed to verify the above findings, and to improve our understanding of κorg and
its relationship to composition.

6 Conclusions

During the CARES campaign, activation fraction of size-resolved aerosol particles and
aerosol chemical composition were characterized at the T1 site (∼60 km downwind5

of Sacramento, California) from 10 June to 28 June 2010. Increases in aerosol mode
diameter and organic mass loading were observed from 12:00 to 18:00, and are at-
tributed to advection of secondary organic aerosols formed in the Sacramento urban
plume through photochemical reactions. The hygroscopicity of CCN-active particles
with diameter from 100 to 171 nm, derived from the size-resolved activated fraction,10

ranged from 0.10 to 0.20, with average of 0.15, which is substantially lower than that
proposed for continental sites (Andreae and Rosenfeld, 2008). The low κCCN value
was due to the high organic volume fraction, averaged over 80 % at the T1 site. The
derived κCCN exhibited little diurnal variation, consistent with the relatively constant or-
ganic volume fraction observed. Unlikely earlier studies in urban environment where E15

decreased to ∼70 % or lower during morning traffic hours, E was always greater than
∼90 % for particles with diameter between 100 and 171 nm, suggesting vast majority
particles within this size range were aged background particles. The average hygro-
scopicity dispersion of size selected CCN was 0.29, substantially lower than those
observed in urban environment (Su et al., 2010; Padro et al., 2012), also reflecting20

more aged aerosols observed at the T1 site. These are in agreement with previous
studies that showed hydrophobic particles emitted in urban area quickly became inter-
nal mixtures and hydrophilic by condensation of secondary hygroscopic species, such
as SOA (Riemer et al., 2004, 2009; Moffet and Prather, 2009; Wang et al., 2010; Mei
et al., 2013), and aerosol composition becomes increasingly more homogeneous as25

particles age through coagulation and condensation of secondary species (Wang et
al., 2010; Mei et al., 2013).
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The sensitivity of calculated NCCN to κorg was examined for aerosol observed at the
T1 site. The sensitivity increased with increasing organic volume fraction, in agreement
with earlier studies (e.g., Chang et al., 2007; Wang et al., 2008). Due to the large
organic volume fraction, κorg strongly impacted calculated NCCN. For vast majority of
the cases, an increase of κorg from 0.03 to 0.18, which are within the type range,5

doubled the calculated NCCN. Even a minor increase of κorg from 0.08 to 0.13 led to a
30 % increases the calculated NCCN. Future stricter control of sulfur emission will likely
lead to increased aerosol organic volume fraction and therefore stronger dependence
of simulated NCCN to κorg when projecting future climate change.

Organic hygroscopicity was derived from κCCN and aerosol chemical composition,10

and its variations with f44 and O : C were compared to results from previous studies.
Overall, the relationships between κorg and f44 are quite consistent for ambient OA
and those formed in smog chamber. However, κorg of OA formed in PAM reactors ex-
hibited weaker dependence on f44 or O : C when compared to those of ambient OA.
The discrepancy may be due to the differences in organic compositions. Compared15

to the relationship between κorg and f44, the relationship between κorg and O : C ex-
hibits more significant differences among different studies. While some of the differ-
ences may be due to the uncertainty in derived O : C values, the comparison suggests
κorg may be better parameterized using f44. A least squares fit of κorg on f44 yielded

κorg = 2.04 (±0.07) × f44 −0.11 (±0.01) with a Pearson R2 value of 0.71. One possible20

explanation for the stronger correlation between κorg and f44 is that the signal at m/z
44 is closely related to organic acids, which may dominated the overall κorg due to its
relatively high water solubility and hygroscopicity. Future measurements of κorg of am-
bient aerosols are needed to verify these findings, and to better understand κorg and
its relationship to the composition for their representations in climate models.25

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/9355/2013/
acpd-13-9355-2013-supplement.pdf.
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Figure 1. Setup of the size-resolved CCN spectrum and activated fraction measurements. 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

aerosol

sheath

h
u

m
id

if
ie

r

OPC

CCN counter

Ambient sample 

(Qa=0.8 lpm)

DMA

Dryer Neutralizer

QCCN=0.3 lpm

Sheath flow 

(Qsh=8 lpm)

Excess flow 

(Qex=8 lpm)

CPC

F
lo

w
 B

lo
w

e
r

H
E

P
A

 f
ilt

e
r

QCPC=0.5 lpm

Fig. 1. Setup of the size-resolved CCN spectrum and activated fraction measurements.
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Figure 2. Diurnal variations of aerosol properties observed at the T1 site from June 10 to June 2 

28, 2012. (a) Aerosol size distribution measured by SMPS; (b) mass concentrations and (c) 3 

volume fractions of organics, (NH4)2SO4, and NH4NO3; and (d) CCN concentrations measured at 4 

supersaturations of 0.12% and 0.38%. 5 
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Fig. 2. Diurnal variations of aerosol properties observed at the T1 site from 10 to 28 June
2012. (a) Aerosol size distribution measured by SMPS; (b) mass concentrations and (c) vol-
ume fractions of organics, (NH4)2SO4, and NH4NO3; and (d) CCN concentrations measured at
supersaturations of 0.12 % and 0.38 %.
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Figure 3. Activated fraction as a function of supersaturation for particles classified at 108 nm 2 

averaged from 14:00 to 20:10 on June 18
th

.  3 
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Fig. 3. Activated fraction as a function of supersaturation for particles classified at 108 nm
averaged from 14:00 to 20:10 on 18 June.
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Figure 4.  Variations of 2

org  and contributions from different terms as functions of xorg.  The 2 

value of 2

org  was calculated using Eqn. (6) assuming 10% for 
orgv

orgv


and 

inorgv

inorgv


, and 0.08 for 3 

org.  
CCN
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 1 

Figure 5.   The diurnal variations of (a) the average hygroscopicity, (b) maximum activation 2 

fraction, and (c) dispersion of size-selected CCN active particles ranging from 100 to 171 nm.  3 

The ends of the whiskers represent the minimum and maximum of data expect for the outlines, 4 

which are defined as points outside of ±2.7.  The bottom and the top of the box are the 25
th

 and 5 

75
th

 percentiles, the line inside the box is the 50
th

 percentile, and the blue circle represents the 6 

mean value. 7 
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Fig. 5. The diurnal variations of (a) the average hygroscopicity, (b) maximum activation fraction,
and (c) dispersion of size-selected CCN active particles ranging from 100 to 171 nm. The ends
of the whiskers represent the minimum and maximum of data expect for the outlines, which
are defined as points outside of ±2.7σ. The bottom and the top of the box are the 25th and
75th percentiles, the line inside the box is the 50th percentile, and the blue circle represents
the mean value.
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1 
Figure 6.  Comparison of NCCN calculated using four different org values and the measurements 2 

at supersaturations of 0.12% (a, d, and g), 0.23% (b, e, and h), and 0.38% (c, f, and i) for cases 3 

when xorg > 90% (a, b, and c),  80%< xorg < 90% (d, e, and f), and  70% < xorg < 80% (g, h, and i). 4 

The slope (left, derived through a bivariate least squares fit) and the R
2
 value (in the parenthesis) 5 

are shown for all assumed org values in each plot.  6 
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Fig. 6. Comparison of NCCN calculated using four different κorg values and the measurements
at supersaturations of 0.12 % (a, d, and g), 0.23 % (b, e, and h), and 0.38 % (c, f, and i) for
cases when xorg >90 % (a, b, and c), 80 %<xorg <90 % (d, e, and f), and 70 %<xorg <80 %

(g, h, and i). The slope (left, derived through a bivariate least squares fit) and the R2 value (in
the parenthesis) are shown for all assumed κorg values in each plot.
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Figure 7.  Derived org as a function of (a) f44 and (b) O:C atomic ratio and least squares fits. 2 
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Fig. 7. Derived κorg as a function of (a) f44 and (b) O : C atomic ratio and least squares fits.
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 1 

Figure 8. Comparison with earlier studies on (a) the variation of org with f44 and (b) the variation 2 

of org with O:C.  The solid and dashed lines represent org derived under supersaturated and 3 

subsaturated conditions in earlier studies, respectively. 4 
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Fig. 8. Comparison with earlier studies on (a) the variation of κorg with f44 and (b) the variation
of κorg with O : C. The solid and dashed lines represent κorg derived under supersaturated and
subsaturated conditions in earlier studies, respectively.
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